ACKNOWLEDGMENTS
We thank the researchers whose publicly available data made this work possible and A. M. Vandamme, M. L. Kalish, M. Worobey, and G. Leonard for helpful discussions. The research leading to these results has received funding from the European Union Seventh Framework Programme for research, technological development, and demonstration under grant agreement no. 278433-PREDEMICS and European Research Council grant agreement no. 260864. P.L. was partly supported by the "Onderzoeksfonds KU Leuven/Research Fund KU Leuven." M.A.S. is partly supported by NSF grant DMS 1264153 and NIH grant R01 HG006139. Collaboration between M.A.S., A.R., and P.L. was supported by the National Evolutionary Synthesis Center (NESCent) and NSF grant EF-0423641. This work was supported by the Wellcome Trust (grant 092807) to A.R. T.B. was supported by the Royal Society. J.D.S. is partly supported by the Fonds voor Wetenschappelijk Onderzoek Flanders grant G.0692.14. The data reported in this paper are deposited in the Dryad Repository (http://dx.doi.org/10.5061/dryad.nn952). Author contributions: P.L., O.G.P., A.R., M.A.S., M.P., and N.R.F. conceived the experiments and designed the study. N.R.F. and P.L. conducted the phylodynamic analyses. D.P. performed the recombination analysis and G.B. the model selection analysis. M.A.S. and T.B. contributed methodology. T.B., M.J.W., and N.A. assisted the sequence analysis. J.P., A.J.T., and J.D.S. contributed historical and spatial data. M.P. provided sequence data. N.R.F., P.L., O.G.P., and A.R. wrote the paper. All authors discussed the results and approved the final manuscript. We declare no competing financial interests. 
*
Photodissociation of carbon dioxide (CO 2 ) has long been assumed to proceed exclusively to carbon monoxide (CO) and oxygen atom (O) primary products. However, recent theoretical calculations suggested that an exit channel to produce C + O 2 should also be energetically accessible. Here we report the direct experimental evidence for the C + O 2 channel in CO 2 photodissociation near the energetic threshold of the C(
with a yield of 5 T 2% using vacuum ultraviolet laser pump-probe spectroscopy and velocity-map imaging detection of the C( 3 P J ) product between 101.5 and 107.2 nanometers. Our results may have implications for nonbiological oxygen production in CO 2 -heavy atmospheres.
I
t is widely accepted that the rise of the oxygen-rich atmosphere on Earth, known as the "Great Oxidation Event," occurred at~2.4 billion years ago via multistep photosynthetic processes (Eq. 1) (1, 2)
Here, h is Planck's constant and n is the frequency. Over the past 40 years, biologists and paleontologists have proposed that free oxygen molecules must have been available in small quantities before the rise of oxygenic photosynthesis in Earth's prebiotic primitive atmosphere (3). The only known abiotic production mechanism was through solar vacuum ultraviolet (VUV) photodissociation of CO 2 to form CO + O in the early Earth stratosphere, followed by the three-body recombination reactions shown in Eqs. 2 and 3
Here, M is a third body for carrying off the excess energy involved in the formation of the O 2 chemical bond (4) (5) (6) . Decades of experimental and theoretical photochemical studies of CO 2 have been focused on the detection and understanding of the CO + O photoproduct channels. Recent theoretical calculations (7, 8) suggest that an exit channel to produce C + O 2 upon VUV photoexcitation of the CO 2 molecule is possible. The ab initio calculation (7) has provided the dissociation pathway on the ground-state singlet potential energy surface of CO 2 , leading to the formation of the C(
) products (where X is indicative of the ground state) (pathway 1 of Fig. 1 In this CO 2 photodissociation experiment, the VUV photoexcitation energy hn(VUV) is distributed between the C( 
Here, D 0 = 11.44 eV is the thermochemical threshold for the formation of the C(
can also be used to determine the internal rotational and vibrational energy populations of O 2 (X 3 S g -) photofragments from the TKER spectrum. In the present experiment, a skimmed and pulsed supersonic molecular beam generated from~10% CO 2 seeded in He was irradiated by two counter-propagating unfocused VUV laser beams, hereafter designated as "VUV 1 " and "VUV 2 " (9, 10). The VUV 1 laser output was used to directly excite CO 2 to a dissociative rovibronic state. C( 3 P J ) photofragments were then selectively ionized via a VUV 2 -visible (1+1′) resonance-enhanced photoionization scheme, which has been shown to achieve substantially higher detection sensitivities for C( 3 P J ) detection compared with those observed using a direct VUV photoionization method (9) .
The ion species formed by photoionization in the interaction region were accelerated by the ion imaging optics into a time-of-flight (TOF) spectrometer for mass analyses and detected by a dual microchannel plates detector. The data thus clearly demonstrate that the observed C + ion intensity depends on both the VUV 1 photoexcitation of CO 2 and the VUV 2 photoionization of C( 3 P 2 ) photofragments. The ion peak at 18 amu, which was observed in all three mass spectra, is attributed to background H 2 O + ions produced by VUV photoionization of ambient H 2 O vapor in the photoionization chamber.
In Fig. 3 , panels A to C compare the CO 2 photoabsorption spectrum reported by Archer et al. (11) to the photofragment excitation spectra obtained by detecting the C( ) channel is known to be a major nascent photoproduct channel in CO 2 photodissociation in this VUV energy range, the excellent agreement between the photofragment excitation spectra of C( 3 P 2 ) and O( 1 S) and the photoabsorption spectrum of CO 2 indicates that the C( 3 P 2 ) fragments are also nascent photoproducts in CO 2 photodissociation. The identification of C( 3 P 2 ) as a nascent photofragment clearly shows that the correlated O 2 photoproduct is formed in the VUV photodissociation of CO 2 . The current photodissociation measurements on CO 2 were performed under molecular beam conditions to ensure that secondary collisions were unimportant. As pointed out above, the direct detection of C( 3 P 2 ) photofragments allows the measurement of the E int distribution of the O 2 coincident photofragments using the VMI method. Because the photofragment excitation spectra of Fig. 3 , B and C, have been normalized by the photodissociation VUV 1 laser intensity, which was monitored by measuring the photoionization efficiency spectrum of acetylene (C 2 H 2 ) (14), the relative intensities of the C( the observed C( 3 P 2 ) photofragment excitation spectrum of Fig. 3B shows that the yield of the C( We have measured the C( 3 P 2 ) velocity-map ion images (Fig. 4) at five selected CO 2 predissociative states, as marked by the red downward pointing arrows in Fig. 3B . As shown below, the analysis of these C( 3 P 2 ) ion images provides further support for the direct formation of O 2 molecules in CO 2 photodissociation. The radial distribution of the C( 3 P 2 ) ion image (Fig. 4) provides a measure of the recoil velocity distribution of C( 3 P 2 ) photofragments produced at a specific VUV frequency for CO 2 excitation. The central donutshaped ring structures of the C( 3 P 2 ) ion images originate from the formation of C( Fig. 1) , which is predicted to have no potential energy barrier by the theoretical calculations (7, 8) .
The C( 3 P 2 ) ion image measurements reveal not only the E trans distribution of the photoproduct channels, but also the angular distribution of the photofragments, which is characterized by the anisotropy b parameter (16) . The angular distribution measurements provide information about the photodissociation rates for the formation of specific photofragments, as well as the geometry of the excited molecule at the time of its dissociation. The upper electronic states for the SCIENCE sciencemag.org images in Fig. 4 , A to C, are assigned as 3p 1 P u (12, 13) . Thus, perpendicular distribution of the C( 3 P 2 ) atoms with respect to the CO 2 photolysis laser polarization is expected if CO 2 dissociates in a linear geometry. However, the C( 3 P 2 ) ion images reveal modest parallel distributions with respect to the transition dipole moment in Fig. 4 , A to C. This result suggests that the electronically excited CO 2 molecules dissociate in a bent geometry for the formation of C(
) products due to vibronic interaction. The parallel distribution of the photofragments has been observed in other triatomic molecules in perpendicular transitions due to vibronic interactions (17) (18) (19) . The 3p 1 P u Rydberg state of CO 2 is known to involve bending vibrational coupling (20) , which is caused by the Fermi resonance between the excitation of one quantum of symmetric stretching (v 1 ) and two quanta of bending (2v 2 ) vibrational modes (21) . Thus, the inclusion of vibronic interactions would account for the experimental observation of CO 2 dissociation in a bending geometry. The increase of the b value of 0.72 T 0.07 in Fig. 4C to 0.97 T 0.09 in Fig. 4D can be attributed to the symmetry change of the upper electronic states from 3p 1 P u to 4s. The recent experimental and theoretical evidence of a "roaming" dissociation pathway (22) (23) (24) has prompted us to speculate the involvement of O atom roaming for the formation of C(
(pathway 2 in Fig. 1 ). 
